There have been many analytical and numerical studies on microsegregation and prediction of second phase in solidification structures of alloys, and they have both advantages and disadvantages especially on the applicability of variable partition ratio (k) of solute and diffusion coefficient (D) in the solid. In this paper, we propose and apply a new progressive-type solidification equation: 
Introduction
Many analytical or numerical methods were proposed and examined to analyze microsegregation of alloys: Flemings equation, Clyne-Kurz equation, Ohnaka equation, or many numerical simulations. [1] [2] [3] The authors have proposed a new progressive-type solidification equation which has a parameter (B) including D in the solid and variable partition ratios (k iÀ1 ). [4] [5] [6] This progressive-type solidification equation is applied to analyze the solidification of L1 2 -type (Al,Cr) 3 Ti alloys. This intermetallic alloy is studied as a next-generation heat-resistant alloy, however, the industrial applications are not realized yet because of its insufficient toughness. Since the information on the solidification process in arc-melting or unidirectional solidification is not sufficient for this Al-Ti-Cr system, the microstructure couldn't be controlled well and contains defects such as non-equilibrium second phases and boids after solidification or heat treatment. [7] [8] [9] In this study, to evaluate the solidification path and non-equilibrium solidification microstructures of (Al,Cr) 3 Ti alloys, the new progressive-type solidification equation is applied with solidification parameters: variable partition ratio (k) of solute and diffusion coefficient (D), effective length of volume element (L ¼ s Á d 2 =2, s: structure factor (¼ 0:5 $ 1), d 2 : dendrite arm spacing) and local solidification time ( f ) obtained by the experiment. 10, 11) 
Analysis of Solidification Path by Progressive-Type Solidification Equation
The following equation is given for the solidification of a volume element (with section: A, length: L) when the interface position is and fraction of solid is fs (¼ =L).
The following approximate equation is given by Flemings et al. when the growth is proportional to the square root of the time (t): ¼ Lðt= f Þ 1=2 , and
where, C L : liquid concentration, C s : solid concentration, 
Constant k
The following solidification equation is obtained by the integration of Eq. (2) from (C L0 , 0) to (C L , fs).
becomes to well-known Scheil's equation (or Pfann's equation). 12, 13) Since the above equation becomes ''Equilibrium solidification equation'' when ¼ 0:5 (B ¼ 1:0), and the error becomes larger for large value of diffusion coefficient (D), the following modified models are proposed.
In Clyne-Kurz model, 2) B ¼ 2ð1 À expðÀ1=ÞÞ À expðÀ1=2Þ is applied for the eq. 
Variable k
The following progressive-type solidification equation is obtained by the integration of eq. (2) from (C LiÀ1 , fs iÀ1 ) to (C Li , fs i ) where k is approximated as a constant value (k iÀ1 ).
, which is defined in the following section ''3.1.2'' and ''3.2.1'').
By using the above equation, k iÀ1 (i ¼ 1 to n) values (k iÀ1 (Ti) for Ti and k iÀ1 (Cr) for Cr) are used in the divided nregions, and the solidification path can be calculated for ternary-or multi-component systems. The effect of n is described in ''3.2.2''.
Variable k and Variable D
The following progressive-type solidification equation is obtained by the integration of eq. (2) from (C LiÀ1 , fs iÀ1 ) to (C Li , fs i ) where k and B (and D) are approximated as constant values (k iÀ1 , B iÀ1 ).
2 . By using the above equation, k iÀ1 and B iÀ1 ðD iÀ1 Þ values (i ¼ 1 to n) are used in the divided n-regions, and the solidification path can be calculated for ternary-or multicomponent systems. However, in this paper, experimentally obtained constant D value is used in the following analysis: the above case (2.2) is used for the calculation. The liquidus surface and isotherms of L1 2 -phase and partition ratio (k) were experimentally obtained as shown in Fig. 1(a)(b) . 10) From these results, partition ratios (k Ti ; k Cr ) are given as functions of the liquid concentrations (C L (Ti), C L (Cr)), and are shown in Fig. 2 (a),(b). These partition ratios are obtained from experimental tie-lines, and the following approximate equations are derived on the variable partition ratio (k Ti , k Cr ) for Ti and Cr. 11) The same phenomena should occur in Al-Ti-Cr alloys, as shown in Fig. 3 : an example of coalescence of dendrite arms (an arrow(S) in the photograph shows the solute rich region in a dendrite arm, indicating the coalescence occurred here at later stage of solidification). For these cases, the length of volume element (L) for the analysis should be equal to d 2 =4. Therefore, in this paper, the effective length of volume element L (¼ s Á d 2 =2, s: structure factor (¼ 0:5 $ 1)) is defined, and the effects of L (and s) and experimentally determined diffusion coefficient (D) on the analysis are discussed. Further discussion on s-values for various solidification conditions will be a future subject.
The solid diffusion coefficient (D) of solute (Ti and Cr) was obtained by the following equation 14) from the homogenization experiment of Al-25%Ti-10%Cr alloy (d 2 ¼ 22 Â 10 À6 m, fs 0 : fraction of solid before homogenization = 0.88) at 1,300 C for 3600(s) (after homogenization: fs ¼ 0:98). D of Ti and Cr were assumed to be the same.
The following relation is obtained from the above equation.
where, g = (fraction of liquid (1 À fs) after homogenization)/(fraction of solid fs after homogenization) = 2/98 = 0.02, g 0 = (fraction of liquid (1 À fs 0 ) before homogenization)/(fraction of solid fs 0 before homogenization) = 12/88 = 0.14, t: diffusion time, L: diffusion length Figure 4 shows Al-rich side equilibrium phase diagram of Al-Ti-Cr alloys, 10, 15) which mainly illustrates the liquidus and solidus surfaces of 
approximate equation (6), (7) of the variable partition ratio for Ti and Cr are used in the calculation, but for Ti, the following equation (= upper limit values of Eq. (6)) were used to fit the results best to the experimentally determined solidification-path. To make clear the effect of solid diffusion coefficient (D) and length of volume element (L), the calculated results for the following cases are shown in Fig. 5 .
By using such large Dvalues as case (3), the difference between the modified models becomes visible.
Effect of the Number of Divisions (n)
In the above analysis with the progressive-type equations, as the sufficient number of divisions (n) of fs, n ¼ 400 was used to get a consistent result of high accuracy. In this section, the effect of number of divisions (n) is tested, and Fig. 6 shows that the above n-value (¼ 400) is needed to get a consistent result for Al-25%Ti-10%Cr alloy. In this figure, the difference of the calculated results becomes smaller for n > 100, and the results for n > 300 are almost the same. Therefore, n ¼ 400 is enough to get the accurate result, and we can get the suitable n-value always by this trying-n method. In the case of small n-value such as n ¼ 5, the error is fairly larger, and becomes close to the result for k = constant (k Ti ¼ 1:1, k Cr ¼ 0:59), which predicts a second phase different from the experimental one. Thus, the constant-k model is inapplicable to the present case.
Analysis of Solidification Path for Various Al-Ti-Cr
Alloys. In Fig. 7 , calculated solidification paths are shown for various compositions of Al-Ti-Cr alloys. The following results are calculated for
À14 (m 2 /s), and the same results are obtained for
. The variable partition ratio (k, Eq. (6), (10)) are employed in the calculation Fig. 6 Effect of the change in equilibrium partition ratios (k Ti , k Cr ), and n (:number of fs divisions for calculation) on the solidification-paths, which were calculated by the modified Clyne-Kurz model (k = variable: The other calculated results(non-equilibrium second phase) for Al-15%Ti-20%Cr alloy (Al 17 Cr 9 ), and for Al29%Ti-10%Cr alloy (TiAlCr), also showed good agreement with each experimental data.
Conclusions
To overcome a weak point of past analytical methods such as (1) Liquid composition (C Li ) at the solid fraction (fs i ) of a region i is calculated from the data of (i À 1) region by the progressive-type solidification equation: 5 $ 1) ). The above modified equation enabled analysis of precise solidification path by using variable partition ratio (k i ) from i ¼ 1 to n in the solidification range by dividing it with enough number (n) for the precise calculation.
(2) The solidification path of Al-Ti-Cr alloys were analyzed by the above progressive-type solidification equation by using experimentally obtained partition ratios (k Ti , k Cr ), which are the functions of liquid compositions, and the calculated results agreed well with the experimental results. 
